T he development of systemic hypertension is influenced by genetic, racial, geographic, and environmental determinants, including high-altitude (H-ALT). The cut-point to define H-ALT has generally been defined as >2500 meters above sea level (mASL; ≈8200 ft). 1 According to a recent estimation, ≈83 million people live at >2500 mASL, 2 including populations mainly from South America, Central Asia, and Eastern Africa. These highlanders are chronically exposed to relative hypoxia, which has important consequences on the cardiovascular system and on blood pressure (BP) regulation.
Several recent studies have focused on the acute and subacute hemodynamic changes in lowlanders who are suddenly exposed to H-ALT. However, little is known about the precise pathophysiologic mechanisms of chronic hypertension at H-ALT, differences in the characteristics of chronic hypertension between various H-ALT settings, or the efficacy of antihypertensive agents in chronic highlanders. People living in low-income countries, such as the majority of highlanders, demonstrate higher prevalence of noncommunicable diseases, including hypertension. 3 Even though the World Health Organization considers the current extent of hypertension as a global public health issue, 4 the real burden of hypertension and its complications in H-ALT locations worldwide remains to be well defined. Given the large number of highlanders around the world, and the well-established role of hypertension in cardiovascular risk, hypertension at H-ALT is a highly relevant clinical and public health problem that requires increased awareness and study.
In this review, we aim to summarize and integrate our current knowledge about the association between H-ALT and hypertension, the cardiovascular phenotypes observed at H-ALT, the effects of H-ALT on the cardiovascular system, and major biological pathways of BP regulation, as well as their potential therapeutic implications. Although mechanisms of acute and chronic H-ALT sometimes overlap, we attempt to make clear distinctions between acute and chronic vascular effects of H-ALT where appropriate.
Known Effects of H-ALT on the Cardiovascular System
Altitude constitutes a hypobaric hypoxic environment, in which lower atmospheric pressure determines a lower driving pressure for gas exchange in the lungs; therefore, lower oxygen is available for physiological metabolic processes, which determines different oxygen tensions at various anatomic levels ( Figure 1 ). Chronic mountain sickness is an exaggerated response to chronic hypoxemia characterized by a markedly increased production of red blood cells as an attempt to overcome the reduced oxygen delivery to tissues. This exerts deleterious effects on blood viscosity, ventilation, and acid-base balance. 6 Chronic hypoxia also triggers pulmonary hypertension and right-sided heart failure because of sustained hypoxic pulmonary vasoconstriction. 6 Studies about H-ALT adaptations have elucidated that adaptive mechanisms vary between the 2 most representative H-ALT populations, Andean highlanders (AN-HLs) and Tibetan highlanders (TIB-HLs), suggesting the existence of distinct evolutionary courses in response to chronic hypoxia. Compared with TIB-HLs, AN-HLs (in whom the prevalence of chronic mountain sickness ranges from 6.8% to 33.7%) prevalence of hypertension with a 2% increase for every ≈100 m (≈330 ft)-increase in altitude above 3000 mASL (≈9800 ft). 16 Nonetheless, this study was limited by the use of different definitions of hypertension and a lack of adjustment for demographic, metabolic, and anthropomorphic factors. A subsequent retrospective analysis that included a multiethnic sample of 40 854 subjects living at >2400 mASL (≈7900 ft) showed that in TIB-HLs, for every 1000-m (≈3300 ft) increase in altitude, BP increased by ≈17/9.5 mm Hg. 17 However, in non-Tibetans (mainly AN-HLs), the same increase in altitude was not significantly associated with changes in BP. 17 Similarly, an earlier cross-sectional study demonstrated a lower prevalence of hypertension among AN-HLs, as compared with Andean lowlanders. 18 Taken together, available data suggest a positive association between altitude and hypertension in TIB-HLs, in contrast to AN-HLs, among whom a neutral to negative correlation seems to be present (Table) . However, available studies are limited because they do not account for potential confounders, including environmental and lifestyle factors. Even though TIB-HLs seem to have higher BP levels than AN-HLs, TIB-HLs exhibit higher capillary density than AN-HLs. 7 In addition, higher circulating NO levels have been observed in both AN-HLs 19 and TIB-HLs, 20 as compared with lowlanders, but in TIB-HLs, these increased levels have been associated with greater oxygen delivery ( Figure 3) . 21 Therefore, the underlying correlates of BP may be different between AN-HLs and TIB-HLs. Further population-specific data are required to fully characterize the biological mechanisms linking H-ALT and hypertension, and the precise association between H-ALT and hypertension risk, while accounting for environmental, geographical, racial, lifestyle, and socioeconomic factors. Important pathways that may mediate the relationship between H-ALT and increased BP (as occurs in TIB-HLs) are summarized in Figure 3 .
An important limitation of available studies is the lack of standardized well-validated measurements of BP. Furthermore, available studies tended to focus on office BP, whereas the importance of ambulatory and home BP and the circadian patterns of BP variability is increasingly recognized. It is essential that methodological issues on BP monitoring, hypertension diagnosis, and the use of validated devices 22 be taken into account in the design of future studies of H-ALT.
Whereas H-ALT may not affect the performance of oscillometric or mercury BP monitors, 23 general considerations about device validity and methods of office, home, and ambulatory measurements will need to be adequately considered.
Vascular Structure and Function at H-ALT

Acute/Subacute Exposure
Compared with sea-level measurements, acute (3 days) H-ALT exposure in white lowlanders has been associated with reduced flow-mediated brachial artery dilation ( a marker of endothelium-dependent vascular function) and nitroglycerindependent dilation (a marker of endothelium-independent vascular smooth muscle function), both of which persist after subacute (12-14 days) H-ALT exposure (Figure 2 ). 24 Augmentation index (a marker of arterial wave reflections) has been shown to increase, 25 whereas carotid-femoral pulse wave velocity (a measure of large artery stiffness) was unchanged (after 2 days) 25 or increased (after 3-14 days) 24 at H-ALT. White lowlanders demonstrate higher levels of lipid hydroperoxide (a marker of oxidative stress) and nitrite (NO 2 − ) after exposure to H-ALT (Figure 2) . 24 These vascular changes after acute/subacute exposure to H-ALT have been attributed at least partially to oxidative stress since lipid hydroperoxide levels correlated with the reduction in nitroglycerin-dependent dilation-mediated dilation (Figure 2 ). 24 The role of circulating NO 2 − in this setting is intriguing. On one hand, NO 2 − can be a byproduct of NO metabolism, and thus a marker of production. On the other hand, NO 2 − is a direct precursor of NO via the nitrate-NO 2 − -NO pathway, and the reduction of NO 2 − to NO occurs preferentially in hypoxic and acidotic environments ( Figure 2) . 26 Increased NO bioavailability associated with acute H-ALT exposure has been described. 21, 24 Acute H-ALT-associated NO 2 − rise may be an adaptive mechanism to maintain circulatory homeostasis via vasodilation. 27 The physiological response to altitude manifests as blood redistribution toward the brain to protect this organ from the deleterious effects of hypoxia. 24 In experimental models, hypoxia has been associated with increased NO bioavailability, which resulted in increased cerebral blood flow (CBF; Figure 2 ). 28 Interestingly, inorganic nitrate (which increased NO 2 − levels) does not produce important cerebral vasodilation at sea level, 29 but this phenomenon may be different at H-ALT given the differences in cerebral microvascular Po 2 . This issue requires further research.
Chronic Exposure
Compared with white lowlanders at sea level, TIB-HLs demonstrate lower carotid intima media thickness, 30 higher common carotid artery diameters, 24, 30 higher brachial artery diameters (after adjustment for body surface area), 30 higher nitroglycerin-dependent dilation-mediated dilation, lower flow-mediated dilation, 30 and lower carotid pulse pressure, with similar augmentation index ( Figure 3) . 30 Discordant findings have been reported for carotid-femoral pulse wave velocity. 24, 30 Overall, these results indicate that, in contrast to the adverse changes in pulsatile hemodynamics and arterial stiffness associated with acute hypobaric hypoxia among chronic lowlanders, arterial remodeling in chronic highlanders involve eccentric conduit artery remodeling, with or without increased arterial stiffness. Key differences in physiological and clinical parameters between lowlanders acutely exposed to H-ALT and chronic highlanders are summarized in the Table.
Pathways of BP Regulation at H-ALT Adrenergic Nervous System
Acute/Subacute Exposure There is a close relationship between acute hypobaric hypoxia and the activation of the sympathetic nervous system (SNS). Acute exposure to H-ALT and subsequent hypoxemia are followed by the activation of peripheral arterial chemoreceptors that stimulate the adrenergic center in the medulla, increasing adrenergic activity (Figure 2) . 31 Plasma and urine catecholamine concentrations (especially norepinephrine) remain unchanged within the first 1 to 2 days of acute H-ALT exposure but increase thereafter. 8, 32 Sympathetic hyperactivity has been reported during acute (4 days) 33 and prolonged (50 days) 34 H-ALT exposure among white lowlanders ( Figure 2 ). During acute H-ALT exposure, daytime mean arterial pressure is not suppressed with propranolol administration. 8 Among white lowlanders acutely exposed to H-ALT, carvedilol and nebivolol reduced systolic BP at H-ALT compared with placebo, but they were unable to completely suppress the BP rise at H-ALT compared with sea level 9 ; however, subjects receiving nebivolol showed better exercise performance than those receiving carvedilol, at H-ALT. 35 Similarly, prazosin in women acutely exposed to H-ALT failed to block the rise in BP at H-ALT compared with sea level. 10 The limited response to antiadrenergic drugs during acute H-ALT exposure may be related to changes in adrenergic receptor density at H-ALT (Figure 2) . A decrease in β-adrenergic receptor density in the left ventricle after exposure to simulated H-ALT has been shown in rats, 36 which may be prevented by low doses of propranolol before H-ALT exposure. 37 Similarly, subacute H-ALT exposure has been shown to reduce α1-adrenergic receptor density in adult sheep common carotid and cerebral arteries. 38 Downregulation of α2-adrenergic receptors has also been reported, which seems to play an important role in SNS hyperactivity during prolonged H-ALT exposure (≈50 days). 39 Therefore, even though H-ALT exposure is associated with an ongoing activation of the SNS, it is also associated with downregulation of adrenergic receptors (possibly as a result of increased receptor occupancy). 37 Additional factors, including uncoupling of cardiac β-adrenergic receptor s, 40 decreased presynaptic uptake of norepinephrine in cardiac adrenergic synapses 41 (which may increase β-adrenergic receptors desensitization), and higher levels of Gi-protein (inhibitory) of cardiac β-adrenergic receptors, may also be at play (Figure 2) . 41 Similarly, whether the downregulation of α2-adrenergic receptors at H-ALT 39 affects the therapeutic efficacy of α methyldopa (an α2-adrenergic receptor agonist predominantly used for the treatment of hypertension in pregnancy) is unknown. Overall, the implications of these effects on the potential efficacy of adrenoreceptor blockers for the treatment of chronic hypertension at H-ALT require further research.
There may exist a complex relationship between H-ALT, changes in adrenergic receptors of cerebral arteries, changes in CBF, and BP ( Figure 2) . A decreased contractile response to norepinephrine after H-ALT exposure has been shown in sheep. 42 The impairment of arterial cerebral autoregulation during acute H-ALT exposure 43 is accompanied by an increase in CBF, which reaches a peak after 3 days, gradually decreasing to normal levels thereafter. 44 This response seems to exert a preferential maintenance of CBF to the brain stem to maintain oxygen delivery to the cardiorespiratory centers. 43 The effects of SNS activation on the regulation of CBF at H-ALT remain unclear. 44 Nonetheless, it has been postulated that in the presence of impaired arterial cerebral autoregulation at H-ALT, the rise of BP may result in a pressure-passive increase in CBF. 44 A recent study showed that when a conflict exist between maintaining brain O 2 delivery and controlling CBF to prevent brain damage from overperfusion-pressure, priority is given to brain O 2 delivery. 45 In this regard, the rise of BP during acute H-ALT exposure may help maintain brain oxygenation and metabolism ( Figure 2 ). Importantly, limited data indicate the presence of reversible and irreversible brain abnormalities on magnetic resonance imaging in mountain climbers. 46, 47 Given these considerations, care should be taken when assessing the risk/benefit ratio of using short-term antihypertensive regimens to blunt acute BP responses to H-ALT among chronic lowlanders because the latter may provide protection against hypoxic brain damage.
Chronic Exposure
Sympathetic hyperactivity has been described in native AN-HLs 33, 34 ; however, they demonstrate lower CBF than lowlanders, whereas TIB-HLs seem to exhibit higher CBF than lowlanders (Table) . 43 Differences in brain metabolism (such as decreased brain glucose metabolic uptake among AN-HLs), 48 and increased NO bioavailability with greater oxygen delivery in TIB-HLs, may be related to CBF differences between these groups. 43 To our knowledge, no data on the efficacy of adrenergic blocking agents in hypertensive chronic highlanders are currently available.
Renin-Angiotensin-Aldosterone System
Acute/Subacute Exposure Acute H-ALT exposure transiently suppresses the renin-angiotensin-aldosterone system. The HIGHCARE-HIMALAYA study (High Altitude Cardiovascular Research) demonstrated an initial reduction of plasma renin, angiotensin, and aldosterone concentrations in white lowlanders at H-ALT, followed by an increase of these values after 12 days (Figure 2 ). 49 Men demonstrate more profound falls of plasma renin level at H-ALT. 50 Compared with placebo, telmisartan decreased BP in healthy white lowlanders acutely exposed to 3400 mASL (≈11 200 ft) but failed to do so at 5400 mASL (≈17 700 ft). 49 The loss of antihypertensive properties of telmisartan at 5400 mASL could be explained not only by the effects of higher altitude on BP dysregulation but also by the timing of ascent in this study since the participants stayed for 3 days at 3400 mASL and arrived after 5 additional days to 5400 mASL, allowing time for the progressive recovery of renin-angiotensin-aldosterone system activity after H-ALT exposure. 49 This interesting observation reminds us that the rate of ascent to H-ALT should also be taken into consideration in studies assessing the effects of antihypertensive agents in lowlanders acutely exposed to H-ALT.
Chronic Exposure
Data on plasma angiotensin-I-converting enzyme (ACE) levels at H-ALT are conflicting, 51 but there is growing interest on ACE gene polymorphisms, which seem to play a role in vascular adaptations to H-ALT. The insertion (I)/deletion (D) ACE polymorphism describes the insertion or deletion of a DNA repeat element in intron 16 of the ACE gene. 52 Subjects with the DD, ID, and II genotypes demonstrate higher, intermediate, and lower levels of plasma ACE, respectively. 52 Higher DD genotype frequencies have been found in lowlanders that developed increased BP during subacute (30 days) H-ALT exposure, demonstrating the combination of environmental and preexisting genetic factors in the development of subacute hypertensive responses at H-ALT (Figure 2) . 53 A meta-analysis showed that the frequency of the DD genotype in highlanders (including Andeans and Tibetans) is lower than in lowlanders 54 ; however, the DD genotype was associated with hypertension in female TIB-HLs (Figure 3) . 55 Whether these genetic differences impact the efficacy of ACE inhibitors at H-ALT is unknown.
A randomized trial assessed the antihypertensive efficacy of valsartan compared with enalapril among 142 mild hypertensives living at different altitudes (100 mASL or ≈330 ft, 1538 mASL or ≈5000 ft, and 2600 mASL or ≈8500 ft) during a 4-week period. 56 Both medications demonstrated similar efficacy (on office BP) independent of altitude, with valsartan having a better safety profile.
Little data are available about the role of plasma aldosterone in chronic H-ALT. Concentrations in TIB-HLs have been shown to be higher than in healthy lowlanders, 20 but to our knowledge, no data are available in this regard among AN-HLs. The relationship between plasma aldosterone and BP during chronic exposure to HA or the potential role of aldosterone receptor blockade in H-ALT in chronic highlanders is unknown.
Carbonic Anhydrase
Acute/Subacute Exposure Although carbonic anhydrase (CA) inhibitors are mainly used for the prevention and treatment of acute mountain sickness, they can impact BP via effects on the peripheral vasculature, the heart, and the nervous system. 57 Acetazolamide has shown to significantly blunt the rise of systolic BP, diastolic BP, and augmentation index in white lowlanders acutely exposed to H-ALT. 25 Mechanistic studies involving CA inhibition on lowering BP at H-ALT have not been performed. Nonetheless, indirect mechanisms may explain the effect of CA inhibitors. CA demonstrates NO 2 − anhydrase activity, which promotes NO generation from NO 2 − , particularly at low pH, and acetazolamide has shown augment (rather than inhibit) the NO 2 − anhydrase of CA, which may mediate the vasodilatory properties of this drug. 58 In addition, acetazolamide seems to counteract the SNS activation at H-ALT via lowering the sensitivity of peripheral chemoreceptors 59 through direct inhibition of CA in type I cells of the carotid body and other vascular mechanisms independent of CA inhibition. 60 
Chronic Exposure
The role of CA and the effects of CA inhibition on hypertensive highlanders have not been studied.
Endothelin-1
ET is a bioactive peptide whose subtypes, ET-1, ET-2, and ET-3, have different physiological effects. 61 ET-1 binds to 2 different receptor subtypes, ET A (ET type A receptor) and ET B receptors (ET type B receptor), which are predominant in cardiac muscle cells and vascular smooth cells, and produce a potent vasopressor response. 61 ET type B receptor (also expressed in the vascular endothelium) is of special interest because it also generates a vasodilatory response, mediated by endothelial NO release, 62 which indicates a balanced interaction between ligands and receptors in the ET system.
Acute/Subacute Exposure
Increased ET type A receptor and ET type B receptor mRNA levels in the lung, heart, and thoracic aorta, as well as selective ET-1 upregulation in the pulmonary arteries and plasma, have been reported in rats exposed to subacute (28 days) normobaric hypoxia. 63 In healthy humans, plasma and urine ET-1 levels increase during acute H-ALT exposure (Figure 2 ), 64 which may be because of hypoxia-related decreased activity of endopeptidases that degrade ET-1. 64 During acute H-ALT exposure, administration of bosentan (ET-1 antagonist) did not show significant effects on the systemic arterial BP; however, it significantly reduced systolic pulmonary artery pressure and mildly increased arterial oxygen saturation, as compared with placebo.
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Chronic Exposure ET-1 levels in TIB-HLs are lower than in Indian lowlanders, 66 suggesting that ET-1 downregulation could represent an adaptive mechanism for chronic hypobaric hypoxia in these populations. However, a recent study found that ET-1 levels are significantly higher in Tibetan males compared with Han males living at H-ALT and are associated with a higher baseline brachial artery diameters and reduced brachial artery flow-mediated dilation. 67 These apparently paradoxical observations illustrate a common important problem with the interpretation of data from phenotypic comparison studies between lowlander and highlanders, which can be substantially confounded by genetic, ethnic, lifestyle, and other factors.
Currently, there are no available data on ET-1 variations in AN-HLs or the use of ET-1 antagonist agents for the treatment of hypertension in highlanders. The role of the ET system at H-ALT, including the complex interactions between H-ALT, ET type B receptor allele expression, adaptive mechanisms in different H-ALT populations, and the hypoxia-inducible factor (HIF) pathway, still needs to be elucidated. 68 
Calcium Channels
Ca 2+ plays a key role in the vascular response elicited by ET-1. This response involves an initial increase of Ca 2+ from intracellular stores, followed by sustained Ca 2+ increase because of influx from the extracellular space. 69 Because the rise of Ca 2+ also augments the synthesis of ET-1, 70 it is possible that inhibition of voltage-dependent Ca 2+ influx using calcium channel blockers (CCB) blunts the deleterious effects of ET-1 on vascular function in hypertension. 69 Lacidipine 71 and nifedipine 72 have shown to improve endothelial function in patients with hypertension, which may be related to higher NO availability. 73 Chronic oral treatment with nifedipine reduces the vasoconstriction response induced by ET-1 and phenylephrine. 72 It remains unclear whether H-ALT could alter these mechanisms in humans.
Acute/Subacute Exposure
Even though CCBs are widely used for the treatment and prevention of H-ALT-pulmonary edema, 6 no study has evaluated the effects of a CCB agent alone during acute H-ALT exposure. The concomitant use of slow-release CCB nifedipine gastrointestinal therapeutic system plus telmisartan in Peruvian hypertensive lowlanders acutely exposed to H-ALT resulted in lower 24-hour systolic BP and diastolic BP, with acceptable treatment tolerance rates. 74 Available data in animals indicate that prolonged exposure to H-ALT (110 days) does not affect sensitivity to nifedipine in sheep coronary arteries. 75 After the same period of exposure to H-ALT, increased activity (more sensitive to activation and higher affinity for Ca 
Chronic Exposure
The effect of chronic HA on Ca 2+ channels and the effects of CCBs on hypertension in chronic highlanders requires further study. The INTERVENCION Trial (ClinicalTrials.gov Identifier NCT02373163) will provide data on the efficacy of amlodipine (compared with telmisartan and hydrochlorothiazide) for the treatment of hypertension at 3 different altitudes above sea level.
Erythropoietin
Erythropoietin (EPO) is the main hormone involved in erythropoiesis. The effects of EPO on BP are well described and include mechanisms other than the increase of hematocrit. EPO regulates the production of endothelium-derived modulators of vascular tone, including vasodilators (eg, NO) and vasoconstrictors (eg, ET-1; Figure 3 ).
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Acute/Subacute Exposure In lowlanders, plasma EPO increases after short-term (11 days) H-ALT exposure. 79 This initial increase in EPO levels has been observed as early as 16 hours after H-ALT exposure and is followed by a significant decrease in both serum ferritin and hepcidin levels, suggesting that acute hypobaric hypoxia induces a marked suppression of hepcidin which may be the result of increased EPO and acute iron depletion, possibly because of the acute shift of iron toward the bone marrow. 80 The administration of exogenous EPO increases BP in healthy subjects, and this seems to be independent of its effects on red blood cell volume. 81 These effects could involve a dosedependent increase of ET-1 release and activation of ET type A receptors, as demonstrated in hypertensive rats. 82 EPO also accelerates smooth muscle cell-rich neointima formation in rats, which is mediated release of platelet-derived growth factor-BB from endothelial cells. 83 Other proposed mechanisms of EPO-induced hypertension include changes in the sensitivity to vasopressors, dysregulation of production or responsiveness to endogenous vasodilators, and direct vasopressor effects of EPO (Figure 3 ).
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Chronic Exposure Increased EPO levels have been reported in lowlanders chronically (6 months to 2 years) exposed to H-ALT and are comparable to those observed in highlanders. 79 Polycythemia has been identified as an independent correlate of hypertension at H-ALT in AN-HLs. 85 In addition, there is a close relationship between EPO and angiotensin-II (AT-II). Among AN-HLs with altitude-polycythemia and 24-hour urinary protein excretion >150 mg, administration of low doses of enalapril for 2 years was associated with a reduction in hemoglobin concentration and proteinuria despite stable levels of BP. 85 In humans, the administration of AT-II increases EPO concentrations (even as early as 6 hours after AT-II) and effect mediated by AT-II type 1 receptors. 86 Whether hypobaric hypoxia and other adaptive mechanisms at H-ALT enhance the vascular effects of AT-II and its deleterious consequences on BP via increased compensatory erythropoiesis is still unknown. The INTERVENCION trial will provide data on the antihypertensive efficacy of angiotensin receptor blockade for chronic hypertension at H-ALT.
Hypoxia-Inducible Factors
HIFs are transcription factors that bind to specific DNA sequences and modulate the expression of various genes involved in hypoxic adaptations. 87 HIF-α subunits (HIF-1α and HIF-2α) are hydroxylated by propyl-hydroxylase domain enzyme in the presence of oxygen, which enhances the binding of the von Hippel-Lindau protein to HIF-α subunits, promoting their degradation. 88 Cellular hypoxia reduces propyl-hydroxylase domain activity, which is associated with accumulation of HIF-α subunits that heterodimerize with HIF-β and augment the transcription of target genes (Figure 3) . 88 These genes encode proteins associated with energy utilization, anaerobic metabolism, angiogenesis, erythropoiesis, cardiovascular development, endothelial function, vasomotor regulation, and catecholamine metabolism. 87, 88 Acute Exposure No data on the effect of acute H-ALT exposure on HIFs are available.
Chronic Exposure
HIFs seem to play a key role on chronic adaptation mechanisms in highlanders. 87 HIFs interact with various pathways known to mediate systemic BP regulation (Figure 3) . Some pathways related to HIFs may promote hypertension at H-ALT. The close relationship between HIFs and EPO production is widely recognized. HIF-1 also promotes expression of ET-1 in human endothelial cells, but this response involves additional binding factors. 89 AT-II upregulates renal VEGF (vascular endothelial growth factor) expression by a mechanism that involves HIF-1 activation. 90 However, HIF-1α may also exert antihypertensive effects. Deletion of HIF-1α from vascular smooth muscle cells in mice (smooth muscle cell-HIF-1α-knockout) reduced peroxisome proliferator-activated receptor-γ expression, which in turn increased AT-II type 1 receptor expression in mesenteric arteries ex vivo. 91 This had no effects on circulating AT-II levels but was associated with increased BP in smooth muscle cell-HIF-1α-knockout mice, which was reversible by telmisartan, supporting the importance of the vascular HIF-1α-peroxisome proliferator-activated receptor-γ-AT-II type 1 receptor axis for BP homeostasis (Figure 3) . 91 No data are available on the effects of pharmacological manipulation of HIFs on chronic hypertension at H-ALT in humans.
Oxidative Stress, Altitude, and Hypertension
Acute Exposure Lowlanders acutely exposed to H-ALT show increased levels of lipid peroxidation biomarkers, such as urinary F(2)-isoprostane and 8-iso-PGF2α (prostaglandin-F) and plasma thiobarbituric acid reactive substances (small increase), and also increased glutathione (antioxidant; Figure 2) . 92 As previously stated, increased levels of lipid hydroperoxide in lowlanders acutely exposed to H-ALT correlate with the degree of vascular dysfunction in these subjects.
24
Chronic Exposure Compared with lowlanders at sea level, AN-HLs demonstrate higher levels of urine 8-iso-PGF2α, plasma thiobarbituric acid reactive substances, but also of plasma glutathione (perhaps as a compensatory mechanism).
92 TIB-HLs show higher levels of plasma 8-iso-PGF2α compared with lowlanders exposed to H-ALT (Figure 3) . 20 BP correlates positively with 8-iso-PGF2α levels, in both lowlanders and highlanders of Indian origin. 93 However, the causal role of oxidative stress biomarkers, such as 8-iso-PGF2α, on the development of hypertension needs to be clarified because 8-iso-PGF2α may exert vasoconstrictive 94 or vasodilatory 95 effects on different arterial vessels. It has been proposed that H-ALT may weaken the antioxidant systems and that oxidative stress damage at H-ALT resembles that of reperfusion injury. 96 Higher superoxide dismutase (antioxidant enzyme) activity and lower catalase, glutathione peroxidase, and glutathione reductase activities have been described among TIB-HLs, as compared with lowlanders exposed to H-ALT for 4 weeks, suggesting that lifelong exposure to H-ALT is associated with protective adaptive effects on the antioxidant system, at least in TIB-HLs (Figure 3) . 97 In AN-HLs, oxidative stress is increased, but its deleterious effects on the vascular function are seen on maladapted individuals (those with chronic mountain sickness) unlike welladapted natives, 98 which may indicate that adequate H-ALT adaptation involves protection of the vascular system against oxidative stress, as seen on TIB-HLs.
Renal Function, Altitude, and Hypertension
Acute/Subacute Exposure Important acute effects of H-ALT on the kidney and volume regulation are decreased plasma sodium and bicarbonate, increased diuresis and natriuresis (because of increased atrial natriuretic peptide and suppressed antidiuretic hormone), and increased insensible fluid loses, all of which lead to plasma volume reduction. 99 The data on renal plasma flow and glomerular filtration rate during acute H-ALT exposure remain conflicting.
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Chronic Exposure
Chronic effects of H-ALT include reduced glomerular filtration rate, effective renal plasma and blood flow, as well as augmented filtration fraction. 100 Even nondiabetic, nonhypertensive AN-HLs demonstrate lower glomerular filtration rate and more proteinuria than Andean lowlanders, indicating a previously unrecognized higher prevalence of chronic kidney disease in AN-HLs. 101 A proposed mechanism for worsening renal function at H-ALT is the development of excessive erythrocytosis because of chronic hypoxia. Increased red blood cell volume reduces renal plasma flow, resulting in a higher filtration fraction, which tends to initially preserve the glomerular filtration rate at the expense of chronic hyperfiltration with subsequent glomerular damage. 101 In addition, as previously stated, HIFs are key regulators of the response to hypoxia, and they have been involved in the pathogenesis of chronic kidney disease through a mechanism involving chronic renal (tubulo-interstitial) hypoxia. 102 H-ALT exposure has also been associated with glomerular hypertrophy. 103 To date, no study has compared the prevalence of chronic kidney disease in AH-HLs versus TIBHLs and their association with hypertension as to determine the degree of renal adaptation between these H-ALT populations.
Some highlanders develop a clinical syndrome known as H-ALT renal syndrome, 104 whose clinical features include preserved glomerular function, polycythemia, hyperuricemia, microalbuminuria, and hypertension. 104 Hyperuricemia seems to be a key feature in this syndrome, and the mechanisms explaining its presence at H-ALT include increased production of urate because of hypoxia (reduced ATP levels with increased nucleotide turnover), decreased renal excretion of uric acid (secondary to increased lactate because of hypoxia), and excessive erythrocytosis that increases urate concentrations because of increased cell turnover. 105 Even though uric acid acts as an antioxidant, it may also stimulate oxidative stress in various cells, causing endothelial dysfunction that may contribute to systemic hypertension. 101 There are no data on the prevalence of H-ALT renal syndrome in TIB-HLs; however, the prevalence of hyperuricemia is increased and is associated with systemic hypertension and microalbuminuria. 106 Hyperuricemia may also induce glomerular hypertrophy because of activation of the renin-angiotensin-aldosterone system and stimulation of glomerular hypertension. 105 ACE inhibitors seem to be more beneficial than other first-line antihypertensive agents in H-ALT renal syndrome.
85,104
Treatment of Chronic Hypertension at H-ALT
Little data exist on optimal therapeutic approaches for the chronic hypertensive patient living at H-ALT. Current clinical practice guidelines for the diagnosis and management of hypertension do not take into consideration H-ALT as a potential modifier of the effects or choice of antihypertensive agents in highlanders. Multiple studies, as previously reviewed, have addressed the effect of antihypertensive agents in hypertensive or normotensive subjects at sea level acutely and temporally exposed to H-ALT. 9, 25, 35, 49, 74 Clinical trials and therapeutic recommendations for hypertensives at sea level planning to ascend to H-ALT have recently been published and take into consideration medication options for certain altitudes. 107 In contrast, data are extremely scarce on the best therapeutic approaches and the effects of specific antihypertensive agents among hypertensive chronic highlanders. These trials may inform not only about optimal approaches for chronic hypertension at H-ALT but may also yield significant biological insights into BP regulation in general. The INTERVENCION Trial should provide the first data on the efficacy of common antihypertensive agents in hypertensive highlanders living at 3 different altitude above sea level.
Conclusions
A large number of hypertensives live at H-ALT around the world. Despite the clear influence of H-ALT on biological pathways that regulate systemic BP, our understanding of mechanisms leading to or modifying the prevalence and clinical course of chronic hypertension at H-ALT is limited. There is a need for focused research on this problem. Important evolutionary responses exist for a successful cardiovascular adaptation to hypobaric hypoxia. These responses are likely to result in important differences in the pathogenesis of systemic hypertension in chronic highlanders and its response to standard antihypertensive medications. Mechanistic studies in humans and therapeutic randomized clinical trials at various levels of altitude are required to enhance our biological and clinical understanding of chronic hypertension at H-ALT. 
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